The deep double donor levels of substitutional chalcogen impurities in silicon have unique optical properties which may enable a spin/photonic quantum technology. The interstitial magnesium impurity (Mgi) in silicon is also a deep double donor but has not yet been studied in the same detail as have the chalcogens. In this study we look at the neutral and singly ionized Mgi absorption spectra in natural silicon and isotopically enriched 28-silicon in more detail. The 1s(A1) to 1s(T2) transitions, which are very strong for the chalcogens and are central to the proposed spin/photonic quantum technology, could not be detected. We observe the presence of another double donor (Mgi * ) that may result from Mgi in a reduced symmetry configuration, most likely due to complexing with another impurity. The neutral species of Mgi * reveal unusual low lying ground state levels detected through temperature dependence studies. We also observe a shallow donor which we identify as a magnesium-boron pair.
I. INTRODUCTION
A recent proposal suggested the use of chalcogen deep double donors, such as selenium (Se) in silicon (Si), as the basis for a scalable qubit-photonic cavity technology 1 . Like the chalcogens, the Group-II impurity magnesium is a helium-like deep double donor in silicon, though it is interstitial (Mg i ) rather than substitutional 2, 3 . Within Group-II this is unusual, with other impurities of that group, such as zinc and beryllium, forming substitutional double acceptors in silicon [4] [5] [6] , although there is evidence that some magnesium may indeed become substitutional (Mg s ) and act as a double acceptor 7 . Many absorption features of interstitial magnesium's neutral (Mg 0 i ) and ionized (Mg + i ) species have been uncovered in past investigations 2, 3, [8] [9] [10] [11] [12] , although transitions from the 1s(A 1 ) ground state to s-like excited states, which are quite strong for the chalcogens 1, 13 and central to their potential use as photonically accessible spin qubits, have never been observed for Mg i .
Early optical and electrical studies of Mg-diffused Si established Mg i as a double donor impurity 2 . The detailed absorption and piezoabsorption studies of Ho and Ramdas 3 established the tetrahedral interstitial site for both Mg 0 i and Mg + i , with ionization energies of 107.50 and 256.47 meV, respectively. These authors were also the first to comment on the absence of any visible 1s(A 1 ) to 1s(T 2 ) absorption for either Mg 0 i or Mg + i , and to identify a doublet splitting of the 2p ± transition for Mg + i as resulting from a central-cell effect (for T d symmetry 2p ± has the representation 2T 1 +2T 2 , and transitions from 1s(A 1 ) to T 2 states are dipole-allowed) 3 . In an electrical and optical study of Mg-diffused Si, Lin 14 detected a number of donor levels besides those of Mg 0 i and Mg + i , with ionization energies of 40, 55, 80, and 93 meV. They also made the prescient suggestions that some of these unidentified species could result from complexes of Mg with other rapidly diffusing impurities, such as transition metals, introduced during the Mg diffusion process, or from Mg in an interstitial site other than T d . An earlier EPR study of Mg-diffused silicon by Baxter and Ascarelli had proposed that Mg might be photoconverted from the normal interstitial T d site to a different interstitial site such as C 3v 15 . A study using photothermal ionization spectroscopy found the same unidentified donor species with ionization energies of 55 and 93 meV, in addition to Mg . They also observed a small splitting of the 3p ± line, and ascribed it to a central cell splitting, as for 2p ± 8 . These authors also demonstrated that weak absorption lines observed in some of the earlier studies resulted from the neutral and singly ionized charge states of a double donor resulting from a Mg i -O complex, with ionization energies of 124.66 and 274.90 meV, respectively 9, 10 . The formation of such complexes is a familiar theme for rapidly diffusing interstitial species. The Mg i -O double donor for instance has similarities to the Li i -O shallow donor which, as for the Mg i case, has a larger ionization energy than does the isolated interstitial Li shallow donor 17 .
A number of previously reported, relatively weak donor-like absorption transitions lying just below the dominant Mg center, labelling the 2p 0 , 2p ± , and 3p ± transitions as lines "1", "3" and "5" and determining an ionization energy of 93.57 meV. Ho 10,12 also reported the 2p 0 , 2p ± , and 3p ± of what was interpreted as a different neutral donor with an ionization energy 94.36 meV. These were labelled lines "2", "4", and "6". Ho 12 further reported a doublet absorption feature labelled line "a", and a singlet labelled line "b", which were interpreted as the 2p ± and 3p ± transitions of an unknown singly-ionized double donor with ionization energy 213.53 meV.
We will retain the "1" through "6" and "a" and "b" labels for these transitions, but will instead show that they all arise from the neutral and singly ionized states of a single perturbed Mg i donor with symmetry reduced below T d . This could be a consequence of either Mg i inhabiting an alternate interstitial site, as detailed by Baxter and Ascarelli, 15 or Mg i complexing with other species. Evidence detailed later points to a complex as the more likely scenario. We denote these centers as Mg 0 i * (including lines "1"-"6") and Mg + i * (including lines "a" and "b") for the neutral and singly-ionized charged states of the double donor. Mg 0 i * is unusual in that even though the ground state binding energy is larger that that of normal shallow donors, it has very low-lying excited state components which can be thermally populated at relatively low temperatures. This gives rise to lines "1", "3", and "5". For normal shallow donors having T d symmetry, the 1s(A 1 ) singlet ground state is much further separated from the 1s(E) and 1s(T 2 ) valley-orbit excited states.
Given the large number of as yet unidentified absorption transitions reported in Mg-diffused Si, one of the goals of this study was to identify species which were intrinsic to Mg i , and not complexes with other impurities. This was achieved by using well-characterized, high purity, float-zone Si starting material, and high purity Mg as the diffusion source. As a result, absorption from Mg-O complexes 9,10 was either unobservable or very weak. A second goal was to investigate the possible spectral linewidth improvements in isotopically enriched 28-silicon ( 28 Si), which, by eliminating inhomogeneous isotope broadening, produces remarkable improvements in linewidth for some transitions of both shallow donors and deep chalcogen donors 1, [18] [19] [20] [21] . The final goal was to search for the as yet undetected 1s(A 1 ) to 1s(T 2 ) absorption transition, which is forbidden under the effective mass approximation, but symmetry allowed, and very strong for the deep chalcogen double donors.
No evidence for the 1s(A 1 ) to 1s(T 2 ) absorption transition could be observed for either Mg 0 i or Mg + i , but the expected location for these transitions suffers from overlap with other relatively strong spectral features. Attempts to observe the 1s(A 1 ) to 1s(E) transition for either charge state of Mg i using electronic Raman scattering were also unsuccessful. The Mg i * counterparts of Mg i likewise revealed no sign of the s-like excited states. Some spectral lines revealed small energy shifts and linewidth improvements in 28 Si, although not as dramatic as that seen for shallow impurities or the deep chalcogen double donors.
Even though our goal was to investigate transitions intrinsic to Mg i impurities, the acceptor boron (B) is an omnipresent impurity in silicon, and higher B concentrations were intentionally used to create higher concentrations of Mg + i . This resulted in the discovery of absorption related to a new shallow donor impurity which we ascribe to a interstitial magnesium-substitutional boron pair. This new Mg i -B s shallow donor can bind excitons and is observed in the photoluminescence spectra of these samples, where the donor binding energy and exciton localization energy are found to follow Haynes Rule 22 for Si. low-pass cold filter for studying the shallow donor region.
II. MATERIALS AND METHODS
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III. EXPERIMENTAL RESULTS AND DISCUSSION
We present our results in the following order: First, we discuss our spectra displaying the well known Mg which we interpret to most likely represent Mg complexing with some other species resulting in a symmetry less than T d . Here we also note the presence of yet another set of lines also previously seen in Ho 11, 12 which appear to be thermally induced transitions from Mg 0 i * . The labelling scheme adopted by Ho 11, 12 for lines "1"-"6" and "a", "b" is maintained in all figures where those transitions are visible together with our own identifications. Third, we detail our observations of a new shallow donor species seen in absorption and photoluminesence which we interpret as a magnesium-boron complex.
In each figure we choose spectra that best display the features relevant to each plot, i.e. successive plots are not necessarily different segments of the same spectra. Peak positions listed in Tab. I and II are obtained from fits to spectra that best show the specific feature in question. All peak energies determined from fits are assumed to carry an uncertainty of ±0.01 meV unless otherwise specified. For all figures, spectra are presented from top to bottom in the order specified in the legend. Scaling factors associated with a given spectrum indicate that a trace has been multiplied by the listed value. While the spectra have been corrected for instrumental throughput, they are not corrected for reflection and scattering losses, or for multiphonon absorption. The spectra are plotted vs. relative absorption coefficient, where all that matters is the height of lines above their baselines. Offsets are applied for ease of viewing in most spectra where multiple traces are compared. Unless otherwise specified, spectra were collected at T = 2.1 K with 0.1 cm
Illumination conditions on samples were variable since our apparatus did not keep our samples in the dark and relies on broad-band IR illumination to perform spectroscopy. We were not able to reproduce the results of Baxter and Ascarelli, 15 which suggested that we should be able to photoconvert T d magnesium interstitials to C 3v with sufficient power from an IR laser. We attempted this with up to 30 mW of power, supplied with an IPG photonics IR laser at 2.2 µm. region. The 2p± transitions have been truncated in LB spectra since for our sample thicknesses, the transmission there was essentially zero. Excited states are visible as high as 6p± (See Fig. 3 for a more detailed view) in LB samples, but no higher than 3p0 in HB samples due to Stark broadening. many higher excited states, some newly observed, which are obscured by Stark broadening in more heavily compensated samples. Of particular note in these spectra is splitting of the p ± levels visible for 2p ± in all samples and in higher p ± levels in LB samples. Our 28 Si:Mg LB spectra have afforded us an opportunity to study a number of very weak transitions for Mg + i , detailed in Tab. II, that have not been seen previously. With its lack of isotopic broadening and relatively low boron compensation, this 28 Si sample has also allowed us to observe splitting of the p ± levels as high as 6p ± . As seen in Tab. II, these splittings are 0.23, 0.10, 0.04, 0.04, and 0.02 meV for 2p ± , 3p ± , 4p ± , 5p ± , and 6p ± respectively. In previous Mg i studies doublets have been proposed to result from central cell splitting of these states 3, 27 . Our observations are consistent with decreasing central cell overlap and correspondingly decreased splitting with higher excited state. As determined by Kohn and Luttinger 28 , in the T d symmetry group the 2p ± level has the reducible representation 2T 1 +2T 2 . From the ground state, only transitions to states with T 2 symmetry are allowed, and lifting of degeneracy between the two T 2 levels through central cell interaction leads to the commonly observed doublet seen in Fig. 2 for 2p ± and, to a lesser degree, for higher p ± levels.
These splittings of p ± states can be seen in Figs. 2, 3, and 5. The energies for these and all other labelled transitions are included in Tabs. I and II for neutral and ionized donors respectively. Transitions in the ionized species are in general less impacted by Stark broadening in HB samples relative to counterparts in the neutral species, Mg 0 i , due to lower electric-field sensitivity in the more tightly bound singly-ionized donor excited states. The heightened electric field sensitivity in the neutral species results in no observable splitting of the Mg 0 i p ± states.
In Fig. 4 we see a broader view of the Mg + i spectrum, including 2p 0 and also note the presence of another singly ionized double donor labelled Mg + i * , the data for which is covered in the next section. We see an doublet with peaks at 147.59 meV and 147.95 meV, indicated in Fig. 4 with a † in HB samples. This is the weakly visible 2p ± of an unidentified donor.
In Fig. 5 we note the small shift between transitions in 28 Si and nat Si generated by an ∼ 0.01 meV difference in their ground state binding energy. A slight narrowing of the peaks in isotopically enriched silicon is visible relative to its natural silicon counterparts for both Mg 0 i and Mg
We also note that even in LB samples, neither natural nor enriched silicon samples show particularly narrow transitions for the singly-ionized species relative to those of the singly-ionized chalcogen double donors 1, 20, 21 . This may be a consequence of magnesium also incorporating as a substitutional double acceptor 7 as well as an interstitial double donor, leading to additional strain fields and Stark broadening even in LB samples. We determine the ionization energies of Mg i * center (with excited states seen up to 4p±) has been previously observed by Ho 11, 12 . We note that the 2p0 transition has partially resolved fine structure suggesting up to four peaks as detailed in Fig. 7 . The labels "2", "3", "4", and "6" are those introduced by Ho 11,12 .
We note unusual fine structure in the 2p 0 level of Mg 0 i * seen in Fig. 6 and through fits to the LB sample 2p 0 transition in Fig. 7 . Energies of the peaks in this apparent partially resolved quartet are given in Tab. I. In T d symmetry, the 2p 0 level has the representation A 1 + E + T 2 . Of these however, only transitions from an A 1 ground state to states with T 2 symmetry are dipole allowed in the tetrahedral group. The fine structure we observe is therefore immediately indicative of a symmetry lower than T d . As with the standard Mg 27 , can lead to complex fine structure. This is visible in the 2p ± of Mg + i * seen in Fig. 8 , which appears as a partially resolved quartet of states rather than the doublet seen in Mg + i . A fit to this structure is included in Fig. 9 . The Mg + i * 2p 0 feature was rather weak and broad as seen in Fig. 4 , and no fine structure could be resolved.
We note that the observation of doublets for the p ± levels of Mg quartet structure of the 2p ± level of Mg + i * . Splittings are smaller due to reduced central cell interaction and Stark broadenings are greater due to increased electric field sensitivity. More generally, the observed splittings for all of these lines can only put a lower bound on the number of non-degenerate components of a given transition.
Splitting of the p ± levels for Mg 0 i * spectra is visible only in LB samples, with both nat Si/ 28 Si spectra revealing doublets for several p ± levels. Peak values for visible splittings as high as 4p ± in Mg 0 i * are detailed in Tab. I, with splittings of 0.09, 0.06, and 0.06 meV for 2p ± , 3p ± , and 4p ± respectively as seen in Fig. 6. In Fig. 6 , we include Ho's labels "2", "4", and "6" 11,12 corresponding to the 2p 0 , 2p ± , and 3p ± of Mg 0 i * . We further indicate line "3" also observed by Ho, which will be discussed in the following section. The complex fine structure of Mg i * can be understood in the context of a reduced symmetry configuration. We speculate that these alternate centers result from Mg i forming a complex with another impurity. This new symmetry, that is a subgroup of the T d symmetry of the standard Mg i impurity, leads to a lifting of degeneracies 29, 30 of excited states leading to the extra structure observed in these transitions.
Another way to achieve a reduced symmetry configuration, namely the alternate interstitial symmetry site C 3v along the 111 crystal axis, is discussed by Ho observe in Mg 0 i * and Mg + i * spectra. However, as we note in Fig. 10 , a five minute anneal at 1200
• C and subsequent quench into alcohol results in the reduction or elimination of all Mg i * lines. This points to the most likely scenario being that Mg i * is a complex that Mg forms with some other species. Such a center would dissociate at 1200
• C and be prevented from reforming during the rapid cooldown of the quench. This behaviour would not be expected if Mg i * was due to an alternate interstitial site, since if anything, one would expect a more equal population of nearly degenerate interstitial sites at elevated temperature. We cannot make any definitive statements about the lifting of degeneracy we expect without knowing the precise nature of the complex.
If the Mg i * center is a complex it seems likely that the second component is both ubiquitous and electronically neutral in silicon, since transitions of Mg i * have been seen in many samples 11, 12 and Mg i * still acts as a deep double donor, just as it does when complexed with oxygen 10 . With this in mind, carbon is a possible candidate. As noted by Jones et al. 31 , substitutional acceptor complexes involving carbon referred to as X-centers are known to form among the Group IIIA elements. Energy (meV) Relative absorption coefficient (cm
"a"
"b" Figure 10 . Here we show the same samples viewed in absorption before and after a five minute 1200
• C anneal/quench into alcohol. We have scaled the axes such that the ionized species are viewed over a range four times the width of the neutral donors such that the Mgi * transitions of both charge states are aligned on the plot. The top two spectra depict the neutral species and are plotted against the top axis. The bottom two spectra show the ionized species and correspond to the bottom axis. After the anneal/quench we see that Mg 
C. Thermal effects
We now discuss lines "1", "3", and "5" previously observed by Ho and interpreted to be ground state to 2p 0 , 2p ± , and 3p ± transitions of a donor with an ionization energy 0.79 meV less than that of the donor responsible for lines "2", "4", and "6" 10,12 . We instead find that lines "1" through "6" all arise from the same perturbed Mg 0 i * donor, with lines "2", "4", and "6" originating from the ground state and lines "1", "3", and "5" originating from very low-lying excited states which can be thermally populated even at liquid He temperatures. Peak positions for the resolved components of lines 1, 3, and 5 are included in Tab. III.
At pumped He temperatures the lines "1", "3", and "5" intensities are very low, as already seen in Fig.6 where line "3" can barely be observed at 2.1 K, and lines "1" and "5" are unobservable. At 4.2 K the intensities of lines "1", "3", and "5" are comparable to those of "2", "4", and "6", and at 10 K the "1", "3", and "5" lines are stronger than the "2", "4", and "6" lines as seen in Fig. 11 . Focussing on the dominant 2p ± transitions, we see that line "3" has three components which we labelled 3a, 3b, and 3c. As already described, line "4" is a doublet with components labelled 4a and 4b. As can be seen in Fig. 11 , lines 3a and 3b have very similar temperature dependence, while line 3c increases somewhat less with increasing temperature than do lines 3a and 3b. This is shown in more detail in Fig. 12 , an Arrhenius plot of the line 3a + 3b, and line 3c integrated intensity, vs. the line 4a + 4b integrated intensity as a function of inverse temperature. The integrated intensities of transition "3" components were determined by fits to three mixed Gaussian-Lorentzian peaks, and those of transition "4" to two peaks. The thermal activation energy of 0.80(2) meV for lines 3a + 3b, is in good agreement with the energy shifts between lines 3a (3b) and line 4a (4b), namely 0.82(2) meV (0.84(2) meV). The thermal activation energy of 0.69(3) meV for line 3c is similarly in good agreement with the energy difference of 0.72(2) meV between line 3c and line 4b. The origin of the line "3" and line "4" components is summarized in the inset to Fig. 12 . Very similar behaviour is observed for lines 5a, 5b, 5c, 6a, and 6b terminating in the 3p ± levels. The behaviour of the line "1" components vs. the "2" components is also consistent with the low lying excited states shown in the inset of Fig. 12 . The greater splittings of the 2p 0 state, as already shown in Fig. 7 for line "2", result in an overlap of transitions from the two low-lying excited states which cannot be resolved in line "1".
The ground state structure of Mg 0 i * is unusual, in that while the ground state is quite deep compared to the group V shallow donors, there are very low-lying excited states. For the group V donors the valley orbit excited states are more than 10 meV above the ground state. Attempts to observe similar low-lying excited states above the ground state of Mg Table III . Peak positions detailing fine structure of the thermally activated transitions labelled lines "1", "3", and "5" in Fig. 11 . The values for line "3" are given for spectra taken at T = 2.1 K as with most other data presented in this work. For lines "1" and "5" the values correspond to data collected at T = 10 K where the transitions were strong enough to observe and fit reliably.
D. New shallow donor (Mg-B)
The presence of a new shallow donor we identify as a Mg-B pair is observed in the absorption spectra shown in Fig. 13 . The presence of another shallow donor that may be Mg related, labelled Mg-?, is also noted. The HB samples reveal the Mg-B lines along with strong boron acceptor features. LB samples reveal higher excited states otherwise obscured by Stark broadening along with a number of other shallow donors. Fine structure in the 2p 0 line of the Mg-B complex which is revealed to be a doublet is visible in Fig. 14 The Mg-B shallow donor is also observed in photoluminesence through the presence of a new donor bound Figure 14 . On closer inspection we note in the shallow donor region that the 2p0 transition of Mg-B is a doublet, while the 2p± transition and higher p± states are singlets.
exciton no-phonon line seen in Fig. 15 . We also observe the TA and TO phonon replicas of this feature visible together with bands of boron single and multi-exciton complexes (not shown). Haynes' rule 22 states that there exists a simple linear relation between the ionization energy of a donor/acceptor and the corresponding localization energy of the donor/acceptor bound exciton for that impurity. From the no-phonon region of our photoluminesence spectrum in Fig. 15 we are able to determine an estimated bound-exciton (BE) localization energy of 4.69 meV for Mg-B. With this and a number of other shallow donors studied we constructed the plot seen in Fig. 16 , where we note that Mg-B follows the same trend. All our BE localization energies are determined relative to the phosphorus no-phonon BE feature visible in all samples. The phosphorus BE localization energy is calculated as the spacing between the phosphorus TA phonon replica and the low energy edge of the free-exciton TA yielding an estimate of 4.32 meV. 
IV. CONCLUSION AND OUTLOOK
Our measurements have led to new interpretations for/discoveries of several features in magnesium-diffused silicon. A magnesium center previously observed in other work has been interpreted as Mg i in a reduced symmetry configuration, Mg i * , either as a consequence of an alternate interstitial site or complexing with another impurity. Evidence currently lends weight to the latter possibility with an anneal/quench procedure showing signs of breaking up a likely Mg-related complex. Future studies will involve samples with relatively high carbon content to examine the impact on Mg i * centers. Stress studies to establish the symmetry of this center, allowing for a more quantitative discussion of the anticipated splitting of spectral features, could also follow.
A new shallow donor center, observed for the first time in absorption, is identified as an Mg-B complex. Work to determine the origins of a different Mg-? shallow donor center by studying potential shallow donor complexes formed with other Group III acceptors such as gallium, indium, and aluminum is ongoing. The Mg-B complex is also seen in our photoluminesence results, revealing in emission the no-phonon/phonon replica transitions of the Mg-B donor BE.
We were unable to see any of the 1s to 1s transitions in our current samples either for 1s(T 2 ) in absorption using FTIR spectroscopy or 1s(E) via Raman measurements (not shown). Further attempts to observe the 1s(T 2 ) and 1s(E) transitions of Mg Further work using PL will follow, including a study of an isoelectronic feature noted earlier by Baber et al. 7 and proposed to be due to a Mg-Mg pair center.
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